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ARTICLE INFO ABSTRACT
Keywords: Human cytochrome P450 (P450) 27A1 catalyzes the hydroxylation of cholesterol and vitamin D derivatives.
Cytochrome P450 P450 27A1 is localized in the mitochondria and is reduced by its redox partner protein adrenodoxin twice for

Protein cross-linking
Mass spectrometry (MS)
Enzyme kinetics

each catalytic cycle. The reliance on adrenodoxin is conserved across all human mitochondrial P450 enzymes.
This study examines the adrenodoxin interaction with P450 27A1 and draws comparisons with studies of other
P450 27A1 P450 enzymes to determine if differences exist. The P450-adrenodoxin complex structure was examined by
Adrenodoxin chemical crosslinking and analyzed by mass spectrometry. The effect of adrenodoxin concentration on P450
And nano liquid chromatography (nanoLC) 27A1 function was assessed by studying effects on steady state enzyme kinetics parameters and equilibrium
substrate binding. The results suggest that adrenodoxin binds to P450 27A1 at a proximal site like other P450
enzymes but differs in the specific residues involved. Furthermore, the presence of adrenodoxin and/or substrate
decreases the number of interprotein and intraprotein crosslinks observed, indicating that these components
change the conformation of the P450 enzyme. Increased adrenodoxin concentration causes the P450 and vitamin
D3 keqr value to increase, the kqq/Kp, value to decrease, and the substrate K4 to remain constant. These results
suggest adrenodoxin alters enzyme efficiency beyond electron transfer without affecting substrate loading. The
adrenodoxin effects on P450 27A1 kinetics and equilibrium constants differ from those of other human mito-
chondrial P450 enzymes. In total, these structural and functional studies suggest that while the general adre-
nodoxin binding site and function is conserved across P450 enzymes, the details and additional effects of this
interaction vary.

1. Introduction organisms. The most common reaction catalyzed by these enzymes is a
carbon hydroxylation; however, heteroatom oxidations, C-C bond

Cytochrome P450 (P450) enzymes are a family of monooxygenase, cleavages, and other reactions are also catalyzed by these enzymes [1,2].
heme-containing enzymes responsible for several important physiolog- In humans, there are 57 different P450 genes potentially encoding 57
ical reactions on both endogenous and xenobiotic substrates in many different enzymes. Seven of these genes encode enzymes that become

Abbreviations: P450, cytochrome P450; Adx, adrenodoxin; AdR, adrenodoxin reductase; MS, mass spectrometry; LB, Luria-Bertani; TB, Terrific Broth; IPTG,
isopropyl p-p-1-thiogalactopyranoside; DTT, dithiothreitol; CV, column volume; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; ABC,
ammonium bicarbonate; ACN, acetonitrile; FA, formic acid; IAA, iodoacetamide; BCA, bicinchoninic acid; E. coli, Escherichia coli; DMM, dexmedetomidine hydro-
chloride; P450 11A1, is enzyme commission 1.14.15.6; P450 11B1, is enzyme commission 1.14.15.4; P450 11B2, is enzyme commission 1.14.15.4; P450 24A1, is
enzyme commission 1.14.15.16; P450 27A1, is enzyme commission 1.14.15.15; P450 27B1, is enzyme commission 1.14.15.18; P450 27C1, is enzyme commission
1.14.19.53; P450cam (P450 101A1), is enzyme commission 1.14.15.1; Adrenodoxin reductase, is enzyme commission number 1.18.1.6; Cytochrome P450 reductase,
is enzyme commission number 1.6.2.4.
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localized in the mitochondrial membrane, including P450s 11A1, 11B1,
11B2, 24A1, 27A1, 27B1, and 27C1 [3]. These mitochondrial P450
enzymes primarily interact with endogenous substrates including de-
rivatives of steroids, secosteroids (including vitamin D), bile acids, and
vitamin A [3,4].

Another distinguishing and unifying feature of the human mito-
chondrial P450 enzymes is their electron delivery system. Human
mitochondrial P450 enzymes are considered Class I P450 enzymes,
which utilize a two-protein ferredoxin and ferredoxin reductase redox
system [5]. In humans, this system includes the 2Fe-2S ferredoxin
known as adrenodoxin (Adx) and the FAD-dependent ferredoxin
reductase known as adrenodoxin reductase (AdR). The other 50 human
P450 enzymes are localized in the endoplasmic reticulum and are Class
II P450 enzymes that utilize cytochrome P450 reductase [6].

Class I ferredoxin-dependent redox systems for P450 enzymes are
common among bacterial P450 systems. The most well studied of these
systems includes P450cam (P450 101A1). With P450cam, it has been
shown that the presence of the ferredoxin protein can have effects on
catalysis beyond simply supplying electrons. For example, the ferre-
doxin redox partner of P450cam induces major conformational changes
in P450cam [7-9]. It is also suggested that the presence of the ferredoxin
increases the coupling efficiency of NADH usage to P450 product for-
mation [10]. Finally, the catalytically active, reduced oxygen-bound
states of P450cam (including Compound 0 and 1) are less stable in the
presence of adrenodoxin [11,12]. Given that bacterial homologues of
adrenodoxin can play significant roles in catalysis other than electron
delivery, it follows that adrenodoxin may also contribute beyond simple
reduction in humans. Furthermore, with the key roles that the human
mitochondrial P450 enzymes play in maintaining normal physiological
functioning, it is important to characterize all contributions of adreno-
doxin to P450 catalysis.

Multiple studies have examined the P450-adrenodoxin interaction
with different human mitochondrial P450 enzymes using a variety of
techniques. Studies of P450s 11B1 and 11B2 have shown that the
presence of excess adrenodoxin can significantly alter both steady state
keqr and Ky, enzyme parameters. Those same studies also show excess
adrenodoxin can alter the binding of substrate to the P450 enzyme, as
measured by significant changes in substrate Kq values [13,14]. In
contrast, studies of P450s 11A1, 24A1, and 27C1 show that excess
adrenodoxin has no effect on substrate binding [15-17]. The key protein
residues driving the binding interactions of human mitochondrial P450
enzymes with adrenodoxin have also been investigated. Alterations of
proposed key residues, either by chemical modification or mutation to
another amino acid, have been used to investigate the roles of these
residues with P450s 11A1 [18-22], 27A1 [23], and 27B1 [24]. Chemical
crosslinking of a P450 enzyme to adrenodoxin followed by mass spec-
trometry analysis to determine interacting residues has also been used to
investigate binding interactions with P450s 11B1 [25], 11B2 [25], 24A1
[26], and 27C1 [17]. Finally, single polypeptide chain fusion constructs
of adrenodoxin, a peptide linker, and a P450 have been created sepa-
rately with both P450s 11A1 [27] and 11B2 [14] and used in X-ray
crystallography studies to explore P450 and adrenodoxin interactions.
Across the investigations of key interacting residues, it appears that the
overall orientation of the two proteins when interacting is consistent
(adrenodoxin binds on the proximal P450 side near where the
heme-ligated cysteine is), the primary driver for the interaction is
electrostatic (between basic residues from the P450 and acidic residues
from adrenodoxin), but the specific residues that drive this interaction
can vary. From the differing impacts of adrenodoxin on P450 function
and structure amongst the different P450 enzymes, it is clear that the
interaction of each P450 with adrenodoxin must be studied
independently.

Human cytochrome P450 27A1 is notably absent from the P450 and
adrenodoxin interaction studies described above, except for the muta-
tional studies. P450 27A1 catalyzes the oxidation of alkyl tails (the 25,
26, or 27 carbon position) of 5p-cholestane-3a,7a,12a-triol [28],
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lumisterol 3 [29], cholesterol [30], vitamin D3 [30], and other similar
molecules. It has also been proposed that P450 27A1 plays an important
role in the oxidation of cholesterol to 27-hydroxycholesterol and the
cholesterol derivative oncosterone to 27-hydroxyoncosterone. While
27-hydroxycholesterol and oncosterone were found to increase tumor
growth, 27-hydroxyoncosterone was found to decrease tumor growth
[31]. This suggests a complete understanding of P450 27A1 function,
including the role of adrenodoxin, will impact understanding of human
health in both normal and disease states. In this report, we utilize
chemical crosslinking of P450 27A1 and adrenodoxin in combination
with mass spectrometry (MS) analysis to investigate the nature of the
binding between these two proteins. We follow that work with an
investigation of the role of adrenodoxin on P450 27A1 steady state ki-
netics and equilibrium substrate binding.

2. Experimental procedures
2.1. Reagents

Vitamin D3 (cholecalciferol) and calcifediol were purchased from
MilliporeSigma (Burlington, MA). Solvents, buffers and other reagents
required for the assays were purchased from MilliporeSigma, VWR
(Radnor, PA) or Fisher Scientific (Hampton, NH) unless specifically
noted.

2.2. Amino acid numbering

In this work, the amino acid numbering scheme utilized to describe
adrenodoxin and cytochrome P450 residues is based on UniProt entries.
Specifically, residue numbering is based on Uniprot entries: adreno-
doxin - P10109, P450 27A1 - Q02318, P450 11A1 - P05108, P450 11B1
- P15538, P450 11B2 — P19099, P450 24A1 - Q07973, P450 27A1 -
Q02318, P450 27B1 — 015528, and P450 27C1 - Q4G0S4. This is
different than other previously published works. Numbering shifts from
publication to publication based on previously reported mature protein
sequences after transit peptide removal or based on recombinant
sequence used. For example, Asp-77 of adrenodoxin in Ref. [17], is
Asp-72 in Ref. [25] and Asp-132 in UniProt P10109. The Supporting
Information provides alignments of relevant full, mature, and recom-
binant sequences for human adrenodoxin and human cytochrome P450
27A1. Briefly, the UniProt full sequence numbering for adrenodoxin is
60 greater than the reported mature sequence numbering; the UniProt
full sequence numbering for human cytochrome P450 27A1 is 33 greater
than the reported mature sequence numbering.

2.3. Recombinant protein

The plasmids for bovine adrenodoxin reductase (AdR) and human
P450 27A1 production were provided as gifts from Prof. F. Peter
Guengerich. The AdR pCWori" plasmid construction was described
previously, and the protein expression and purification procedures were
performed as described previously [32]. The P450 27A1 pCWori®
plasmid construction was described previously, and the protein
expression and purification procedures were performed as described
previously [33]. The P450 concentration was determined prior to stor-
age at —80 °C by measuring the reduced carbon monoxide-binding
spectrum using the method of Omura and Sato with the extinction co-
efficient of €450 nm = 0.091 pm’l cm ™! [34]. The pLWO1 plasmid con-
taining the human adrenodoxin (Adx) gene was a gift from Prof. Richard
Auchus [25]. Human Adx was produced by transforming the plasmid
into Escherichia coli (E. coli) BL21 cells. The cells were grown on
Luria-Bertani (LB) agar plate with 100 pg/mL ampicillin for the selection
of cells capable of producing Adx. A colony was inoculated into 50 mL of
autoclaved LB liquid media with 100 pg/mL ampicillin and incubated
overnight at 37 °C and 180 rpm. Thompson (Carlsbad, CA) Ultra Yield
(2.5 L size) flasks containing 500 mL Terrific Broth (TB) media with 100
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pg/mL ampicillin were inoculated with 1 % (v/v) E. coli overnight cul-
ture prepared above. The inoculated TB media was incubated at 37 °C
and 200 rpm (1-inch orbit) until the optical density reached 0.6, at
which point isopropyl $-p-1-thiogalactopyranoside (IPTG) was added to
a 1 mM final concentration. The TB media was then incubated at 26 °C
and 150 rpm for 24 h. The cultures were then centrifuged (4000xg, 4 °C)
for 20 min, supernatant decanted, and the pelleted cells were transferred
into a metal beaker with 60 mL of sonication buffer added (100 mM
potassium phosphate (pH 7.4), 20 % glycerol (v/v), 0.1 mM dithio-
threitol (DTT)). The cells were lysed by sonication using a Qsonica
(Newtown CT) Q700 Sonicator with a 4" diameter probe (#4220) set at
70 % amplitude for 6 rounds of 30 s on and 30 s off while on ice. The
sonicated cells were then centrifuged (100,000xg, 4 °C) for 1 h. The
supernatant was transferred to 50 mL conical tubes, after which 20 mM
of imidazole was added to the supernatant. An Akta start FPLC system
(Cytiva, Wilmington, DE) was prepared with a prepacked
Ni-NTA-agarose column (Cytiva HisTrap HP, 5 mL column volume
(CV)). The column was equilibrated with buffer A (20 % glycerol (v/v),
50 mM potassium phosphate (pH 7.4), and 0.1 mM DTT) at 5 mL/min
for 10 column volumes (CV). The Adx-containing supernatant was then
loaded into the column at 1 mL/min. The column was then washed with
buffer A with 10 mM imidazole, washed again with buffer A with 25 mM
imidazole, and eluted with buffer C with 250 mM imidazole. The wash
and elution phases were 10 CV in length and at a flow rate of 2 mL/min.
The protein fractions were visualized with sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The fractions showing
Adx presence were combined, placed in Thermo Scientific SnakeSkin
dialysis tubing with a 3500 Da molecular weight cutoff, and dialyzed
against buffer B (20 % glycerol (v/v), 100 mM potassium phosphate pH
7.4) twice for 24 h each time. The final Adx concentration was measured
using ultraviolet-visible spectroscopy with Adx absorbance at 414 nm
and the extinction coefficient of 9800 M 'em ™! [35].

2.4. Chemical crosslinking

For crosslinking studies, aliquots of human P450 27A1 and human
Adx were removed from a —80 °C freezer and thawed on ice. Two so-
lutions were prepared for overnight dialysis at 4 °C to remove glycerol in
Thermo Scientific (Waltham, MA) G3 Slide-a-lyzer cassettes with a
10,000 Da molecular weight cutoff. Solution One contained only P450
27A1 and was dialyzed against 100 mM potassium phosphate (pH =
7.4). Solution Two contained P450 27A1 and Adx and was dialyzed
against 10 mM potassium phosphate (pH = 7.4). The lower concentra-
tion of potassium phosphate was used for the two-protein solution as
lower ionic strength favors P450-Adx complex formation; however, a
higher potassium phosphate concentration was required when P450
27A1 was alone to prevent protein aggregation [25,26]. Solutions were
checked for dilution the next morning by comparing UV-Vis absorption

Table 1
Composition of crosslinking sample types and their usage.
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spectra to spectra recorded the previous day. A fresh solution of vitamin
D3 was prepared in 90 % ethanol with 10 % ultrapure water (H20), and
its concentration was confirmed by UV-Vis absorbance spectroscopy at
265 nm using an extinction coefficient of 18,300 M lem™! [36,37]. A
fresh solution of the crosslinking reagent 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC) was prepared in ultrapure
H,0. Three replicates of six different sample types were prepared for
crosslinking. See Table 1 for sample type composition. No samples
contained detergent during dialysis or crosslinking steps to match con-
ditions of studies with other mitochondrial P450 enzymes [17,25,26].
After separately mixing all samples, they were incubated at 25 °C while
shaking at 300 rpm in an Eppendorf (Hamburg, Germany) New Bruns-
wick Innova 42R refrigerated shaker incubator with a 1” orbit. After
approximately 3 h of crosslinking time, the crosslinking reaction was
stopped.

The small and large volume sample types were processed differently
after completion of the crosslinking reaction. For sample types 1-4 that
were originally 140 pL, the crosslinking reaction was stopped by the
addition of 49.3 pL of lithium dodecyl sulfate sample buffer (4X) from
GenScript (Piscataway, NJ) and 7.89 pL of 2.5 M DTT (final concen-
tration of DTT was 100 mM). These sample were then heated at 80 °C for
15 min, centrifuged briefly, and further purified by SDS-PAGE electro-
phoresis After staining, gel bands representing each of the protein or
protein complexes to be examined were excised with a razor blade, cut
unto small cubes, flash frozen in liquid nitrogen, and stored at —80 °C
prior to shipment to the Molecular Education, Technology and Research
Innovation Center (METRIC) at NC State University for mass spec-
trometry analysis. For sample types 5-6, the crosslinking reaction was
stopped by passing each sample through its own Thermo Zeba spin
desalting column, flash freezing the sample in liquid nitrogen, and
storing the sample at —80 °C prior to shipment to METRIC. Additional
sample preparation details are provided in the Supporting Information.

2.5. Mass spectrometric sample preparation, analysis, and data treatment

Sample types 1-4 (gel samples) were processed at METRIC through a
series of steps to remove gel stain, reduce disulfide bonds with DTT,
alkylate sulfur groups, digest proteins with trypsin, dry sample for
storage, and then reconstitute the day of analysis in 98 : 2: 0.1H50:
acetonitrile: formic acid. Sample types 5-6 (liquid samples) were pro-
cessed to achieve similar results but without the destain step. The
amount of liquid sample to process was determined by bicinchoninic
acid (BCA) assay analysis to achieve 200 pg of protein in the sample.
Additional sample preparation details are available in the Supporting
Information.

Prepared samples were loaded onto a Thermo Fisher Scientific
Vanquish NEO UHPLC system (Germering, Germany) for in-line trap-
and-elute, followed by analytical column separation of tryptic peptides.

Sample Sample Usage Sample [P450 [Vitamin [Adrenodoxin] [EDC] Final Buffer Composition

Type Volume 27A1] Ds]

1 SDS-PAGE Gel Separated for Intraprotein 140 pL 2 M - - 2 mM 99 mM Potassium Phosphate (pH = 7.4)
Crosslinks Analysis

2% SDS-PAGE Gel Separated for Intraprotein 140 pL 2 M 40 pM - 2 mM 99 mM Potassium Phosphate (pH = 7.4),
Crosslinks Analysis 0.49 % ethanol

3 SDS-PAGE Gel Separated for Intraprotein 140 pL 2 M - 40 pM 2 mM 10 mM Potassium Phosphate (pH = 7.4)
Crosslinks Analysis

4" SDS-PAGE Gel Separated for Intraprotein 140 pL 2 M 40 pM 40 pM 2 mM 10 mM Potassium Phosphate (pH = 7.4),
Crosslinks Analysis 0.49 % ethanol

5 Solution Sample for Interprotein Crosslinks 950 pL 2 M - 40 pM 2 mM 10 mM Potassium Phosphate (pH = 7.4),

0.49 % ethanol
6" Solution Sample for Interprotein Crosslinks 950 pL 2 M 40 pM 40 pM 2 mM 10 mM Potassium Phosphate (pH = 7.4),

0.49 % ethanol

@ Samples containing vitamin D3 had a final organic solvent content of 0.49 % ethanol (v/v). This solvent content was not compensated for in samples without
vitamin D3. The small amount of ethanol present with substrate was not considered to be significant and was not compensated for in samples without substrate.
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The sample was first passed through a Thermo Scientific 0.5 cm length
(300 pm inner diameter, 5 pm particle size) octadecylsilane (C18)
reversed phase trap column (Fisher Catalog # 174500) for concentration
and washing. The sample was then passed through a Thermo Scientific
50 cm (75 pm inner diameter, 2 pm particle size) C18 reversed phase
analytical column (Fisher Catalog # ES75500PN). The mobile phase
solvents were (solvent A) 98 % H>0, 2 % ACN, 0.1 % FA and (solvent B)
80 % ACN, 20 % H50, 0.1 % FA (all v/v). The elution gradient was 0-1
min. 2 % B, 1-3 min. 2-10 % B, and 3-93 min. 10-75 % B followed by a
column wash from 93 to 98 min at 75-95 % B and from 98 to 106 min at
95 % B, all at a flow rate of 0.30 pL/min. A Thermo Scientific Orbitrap
Eclipse Tribrid MS (San Jose, CA, USA) with EASY-Spray source was
used in positive ion mode for full MS/data-dependent analysis or DDA
MS/MS (top speed) analysis. The full MS settings were microscans: 1,
orbitrap resolution: 120,000, AGC target: Custom, Normalized AGC
Target (%): 250, maximum injection time: 50 ms, and scan range: 375-
1500 m/z. The DDA settings were microscans: 1, resolution: 15,000,
AGC Target: Custom, Normalized AGC Target (%): 100, maximum in-
jection time: Auto, isolation window: 1.6 m/z, and Scan Range Mode:
Auto.

Proteome Discoverer (PD) version 2.5.0.400) was used for database
and crosslink searching. The search database consisted of the Escherichia
coli proteome and the human adrenodoxin and cytochrome P450 27A1
recombinant sequences. Any mass spectra result that was not identified
in the database was analyzed by the XLinkX node in PD to search against
the recombinant protein sequences with crosslink modification present
[38]. Additional details, including software parameters, are available in
the Supporting Information. The data presented in the Results section
indicates the number of times a particular crosslink was identified across
the three sample type replicates (not instrument injection replicates)
with a Max XLinkX score of 20 or greater. In some cases, a precursor MS1
peak of a crosslink was found in a sample, but the precursor signal was
too low to obtain a confirmatory MS2 spectrum. In these cases, a sample
was considered to not have the crosslink due to low signal. Therefore,
the data presented here are of high confidence, but may be under-
reporting some crosslinks. Tables of crosslinked peptides recognized by
XLinkX and details on the MS data leading to those assignments is
available in a separate Microsoft Excel file as Supporting Information.

2.6. Molecular modeling

To aid in the interpretation of crosslinking data, a molecular docking
approach was taken. The experimental X-ray crystal structure of human
adrenodoxin was obtained from the Protein Data Bank (PDB ID: 3P1M)
[39]. Chain G was isolated from the rest of the structure into a new PDB
file and used for modeling. There was no publicly available experimental
structure of human P450 27A1 at the time of analysis. Instead, a struc-
ture was predicted using the recombinant protein sequence as an input
in AlphaFold2 managed by the ColabFold platform in the ChimeraX
software [40-43].

Docking of the two proteins was performed in three steps. In step
one, the DisVis software and web server were used to determine which
groups of crosslinked residues found in the mass spectrometry data
could be used as constraints together and lead to protein configurations
where all restraints were simultaneously fulfilled [44-46]. In the second
step of molecular modeling, the mixture of restraint subsets that could
be fulfilled simultaneously were analyzed again by DisVis to determine
the likely accessible interaction space between P450 27A1 and adre-
nodoxin. In the third step of molecular modeling, the HADDOCK 2.4
software and web server were used to predict the structure of
P450-adrenodoxin complexes based on the restraints sets derived in the
previous two steps [46,47]. Additional details for these steps, including
software settings, can be found in the Supporting Information.
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2.7. Steady state kinetics

The steady state kinetics of the human cytochrome P450 27A1
catalyzed transformation of vitamin D3 into 25-hydroxyvitamin Ds
(calcifediol, 25(OH)D3) were examined with human Adx as the redox
partner. Reactions (final volume of 500 pL) were carried out in 10 mL
glass test tubes, containing 0.2 pM P450 27A1, 0.2 pM bovine AdR, in 50
mM potassium phosphate buffer (pH 7.4), and with various vitamin D3
concentrations (1, 4, 5, 7, 10, 15, 20, 25, 30, 35, 50 pM). Human Adx
was added to a final concentration of 0.2 pM human Adx (for 1:1 Adx:
P450 27A1) or 0.6, 2, 10 pM (for 3:1, 10:1, 50:1 Adx:P450 27Al,
respectively). Prior to the addition, vitamin D3 solutions were prepared
fresh daily in 90 % ethanol (v/v). Triplicates of each reaction were
preincubated in a 37 °C shaking water bath for 5 min, after which
NADPH was added to the tubes with a final concentration of 1 mM to
initiate the reaction. The reactions were allowed to proceed at 37 °C,
stopped by adding 2 mL of pure ethyl acetate, and mixed by vortex.
Reactions with 0.2 pM human Adx were stopped after 15 min. Reactions
with 0.6, 2, or 10 pM human Adx were stopped after 7 min. The tubes
were centrifuged (2000xg) for 2 min to separate the aqueous and
organic layer. Next, the organic layers containing vitamin D3 and cal-
cifediol were extracted (1.5 mL) into new glass tubes, which were then
evaporated under nitrogen stream for 30 min. The dried organic layers
were resuspended with 250 pL of 50:50 acetonitrile:water (ACN:Hz0, v/
v). The mixtures were transferred to 2 mL amber glass vials with Fisher
Scientific Fisherbrand 350 pL glass autosampler vial inserts. The
resulting samples were analyzed using a 1260 Infinity II LC system
(Agilent, CA) with a photodiode array detector for absorbance mea-
surements. Aliquots of samples (25 pL) were injected on a Thermo Fisher
Scientific Accucore C18 column (2.6 pm particle size, 30 x 2.1 mm).
Mobile phase A was 95 % H20, 5 % ACN, and 0.1 % formic acid (all v/v).
Mobile phase B was 100 % ACN, and 0.1 % formic acid (all v/v). The
flow rate of the mobile phase was 0.35 mL/min, and the elution gradient
was as follows: 0-2 min 50 % B, 2—7 min 50-100 % B, 7-10 min 100 % B;
10-10.5 min 100-50 % B, and 10-13 min 50 % B. The column temper-
ature was 25 °C and the absorbance was measured at 265 nm. The
identities of vitamin D3 and calcifediol were determined by retention
time comparisons to authentic standards. The resulting chromatogram
peak areas of calcifediol were analyzed using Agilent OpenLab software.
Peak areas were adjusted for liquid dilutions and concentrations in the
sample workup process. The calcifediol concentrations were determined
by comparison to a set of external calibrants of known concentrations
made fresh and tested for each experiment (0.02, 0.05, 0.1, 0.2, 0.5, 1, 2
pM). Product concentrations were converted to product rates and
analyzed in GraphPad Prism software version 10.4.1 (GraphPad, San
Diego, CA). The steady state kinetics parameters kot and keat/Kn, (rep-
resented here as k) were fit directly by nonlinear hyperbolic regression
using a custom formula in the same program; K, was then derived from
the values of ke and keat/Kp. Direct fitting of kcae and keae/Kr, has ad-
vantages over the tradition fitting of k.o and Ky, including reducing
errors in fitting. These advantages are discussed more thoroughly in
Ref. [48]. The formula used for fitting is shown in Equation (1) where kg,
is equivalent to k¢at/Km.

e kg [Substrate]
- ksp-[Substrate|
T+

(Eq. 1)

2.8. Equilibrium substrate binding

The equilibrium dissociation constants of vitamin D3 (Kgyps) to P450
27A1 were determined spectrophotometrically at various concentra-
tions of Adx. These experiments had to be performed as a competition
experiment since vitamin D3 did not induce a spectral change in P450
27A1 by itself. The competing ligand used was dexmedetomidine hy-
drochloride (DMM), a known inhibitor of human P450 27A1 [49]. The
binding affinity of DMM for P450 27A1 was measured with and without
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vitamin D3 to determine both the apparent equilibrium inhibitor
dissociation constant (Kgpmmapp) and the equilibrium inhibitor dissoci-
ation constant (Kgpmm), respectively, which were used to calculate
Kayps, at a given concentration of vitamin D3. Equation (2) describes the
direct competition relationship between vitamin D3 and DMM assuming
no allosteric binding [50].

[Vit Ds]

Kavps =—————— (Eq. 2)
=)

Kapmm

For the titration of DMM without vitamin D3, a 2 mL solution of 1 pM
P450 27A1, 1 pM Adx (for 1:1 Adx:P450 27A1) or 3, 10, 50 pM (for 3:1,
10:1, 50:1 Adx:P450 27A1, respectively), 50 mM potassium phosphate
buffer (pH 7.4) was prepared, split equally between two 1 cm cuvette
cells (FireflySci, Brooklyn, NY, product number 9UV10-2 EA), and
scanned for an absorbance spectrum in a Shimadzu UV-2600 double-
beam ultraviolet-visible spectrophotometer (Shimadzu Scientific,
Kyoto, Japan) from 350 to 500 nm. Small volumes of DMM stock solu-
tions (0.5-7 mM) in 90 % ethanol were titrated into the titrant cell
(ethanol final concentration <1.5 % (v/v)), while the reference cell was
titrated with the same volume of the solvent used to make DMM stock
solutions. The cells were mixed gently after each addition by pipetting
the solution up and down with a micropipette several times. A difference
spectrum of the sample and reference cells was generated by the sub-
traction between the absorbances of the cell with DMM as titrant minus
the absorbances of the reference cell. The differences between the ab-
sorbances of the maximum (typically 434 nm) and minimum (typically
413 nm) of the difference spectrum were plotted against the total DMM
concentrations in the titrant cell. For the titration of DMM with vitamin
D3, the procedures were the same as the titration without vitamin D3,
except the addition of 1 pM vitamin D3 in the 2 mL P450 27A1 solution
prior to titration. The Kgpmm and Kgpmmapp Were measured by fitting the
differences in maximum and minimum intensity versus concentration of
DMM using nonlinear regression to a quadratic binding equation in the
Prism software. Equation (3) describes this nonlinear fitting, where y is
the spectral difference; y, is spurious background spectral signal; A is the
spectral coefficient; E is the total enzyme concentration; Kgpyy is the Ky
of DMM (or Kgpmmapp, for titration with vitamin D3), and x is the total
titrant concentration. The real value of the vitamin D3 Ky (Kgyp3) was
then calculated assuming direct competition between DMM and vitamin
D3 using Equation (2) described above.

(Eq. 3)

Additionally, in GraphPad Prism software version 10.4.1, one-way
ANOVA was used to determine the statistical significance (o« = 0.01)
of changes in the obtained Ky values.

3. Results
3.1. Evaluation of P450-Adx interaction interface

To determine the orientation and key interacting residues when
human P450 27A1 and human adrenodoxin form a complex, chemical
crosslinking was performed with the proteins using the zero-length
crosslinker EDC. Fig. 1 shows an example of SDS-PAGE separated
crosslinking samples. In lanes 1 and 2, only bands from P450 27A1 are
present. The expected recombinant molecular weight of P450 27A1 is
57.6 kDa, which is the molecular weight of the primary band present
(arrow B). Bands at higher molecular weight in these lanes are likely
from higher order protein aggregates. The presence of vitamin D3 sub-
strate in lane 2 samples during crosslinking does not appear to alter the
crosslinking result by SDS-PAGE analysis. In lanes 3 and 4 SDS-PAGE
bands from adrenodoxin are also present. Monomeric adrenodoxin is

Archives of Biochemistry and Biophysics 776 (2026) 110700

Lane S 1 2 3 4
P450 + + + +
Adx - . + +
Vit D3 - + - +

Fig. 1. Example SDS-PAGE separation of sample types 1-4 after crosslinking
reaction. Lane S shows molecular weight standards. Lanes 1 and 2 show P450
mixed with the crosslinker EDC without and with vitamin D3 present. Lanes 3
and 4 show P450 and adrenodoxin mixed with EDC without and with vitamin
D; present. The labeled arrows A, B, and D indicate the protein bands that were
removed for analysis by mass spectrometry. Arrow A indicates the P450-
adrenodoxin complex band around 70 kDa. Arrow B indicates the P450
monomer band around 60 kDa. Arrow D indicates the Adx monomer band
around 15 kDa. Arrow C indicates the dimeric adrenodoxin complex discussed
in the text. This band was not analyzed by mass spectrometry.

present around 15 kDa (arrow D, expected recombinant molecular
weight is 14.5 kDa). Dimeric adrenodoxin stabilized by EDC crosslinking
appears around 35 kDa (arrow C). P450-adrenodoxin crosslinked com-
plexes in a 1:1 stoichiometry appear around 70 kDa (arrow A). Addi-
tional unidentified bands are present around 100 kDa that may
represent P450-adrenodoxin complexes with more than two protein
molecules present. For LC-MS/MS analysis of intraprotein crosslinks,
bands were extracted from SDS-PAGE gels at the positions indicated by
the arrows in Fig. 1. Fig. S1 in the Supporting Information shows an
additional SDS-PAGE result comparing isolated proteins and protein
mixtures with and without EDC present. The results from Fig. S1 were
used to distinguish which SDS-PAGE bands are from crosslinking and
which are from background sample contaminants. The combination of
SDS-PAGE results from Fig. 1 and Fig. S1 suggest that EDC can be used to
link P450 27A1 and adrenodoxin together in a manner that is at least
resistant to heating and SDS-induced denaturation.

Protein complexes produced by EDC crosslinking were then digested
by trypsin and analyzed by LC-MS/MS to determine crosslinked residues
between the two proteins. For analysis of these interprotein interactions,
protein complexes were isolated from solution for analysis (i.e., not
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subjected to SDS-PAGE) to increase assay sensitivity. Raw data and
Proteome Discoverer data files are available on online on the website
PanoramaWeb under the NCSU — METRIC Public Data repository (https
://panoramaweb.org/NCSU%20-%20METRIC/project-begin.view).
Detailed tables of MS data on crosslinked peptides identified by XLinkX
are provided as a separate Microsoft Excel file. Fig. 2 shows example
MS/MS spectra of identified interprotein crosslinks. Table 2 summarizes
all the identified crosslinks with and without the P450 substrate vitamin
D3 present.

Several EDC crosslinked residues were identified. EDC crosslinks
carboxylic acid groups with nearby amine groups to form a stable co-
valent bond. This occurs by the EDC carbodiimide activating the car-
boxylic acid to a o-acylisourea ester that is displaced by a primary amine
group. Due to the instability of the o-acylisourea ester, only amine
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groups in close proximity have time to react before the o-acylisourea is
degraded by hydrolysis. Only lysine amine groups are reactive under
these conditions. Arginine amine group that participate in salt bridges
will be missed by this technique. Other amino acid residues will not
react even if they are nearby. As expected, the crosslinked residues from
P450 27A1 were primarily basic residues (lysines), and the crosslinked
residues from the adrenodoxin were primarily acidic residues (aspartic
and glutamic acids). In samples without the substrate vitamin D3, 13
distinct crosslinks were identified. In samples with vitamin D3 present,
only 7 distinct crosslinks were identified. All 7 of the crosslinks identi-
fied when vitamin Dg is present were also identified when vitamin D3
was not present. Therefore, the presence, and presumably the binding, of
vitamin D3 limits the number of ways in which the two proteins interact
with one another. Vitamin D3 could also be limiting the accessibility of
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Fig. 2. Example MS/MS spectra of two identified interprotein crosslinks. The residues crosslinked and the protein of origin are shown in the top left of each
spectrum. The isolated peptides containing the crosslinked residues are shown in the top right of each spectrum. Both of these spectra were obtained from sample A5.
Peak colors correspond to identity assigned to peak: black — unassigned, red — a/b type ions assigned to peptide o, orange -y type ions assigned to peptide «, dark blue
—a/b type ions assigned to peptide B, and light blue - y type ions assigned to peptide f. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Table 2
P450 27A1-Adrenodoxin (Adx) crosslinks identified with and without vitamin
D3 present.

Assigned P450 Adx P450 + Adx P450 + Adx +

Cluster Linked Linked Samples Vitamin D3

Group Residue” Residue” Containing the Samples
Crosslink (Out of  Containing the
3)¢ Crosslink (Out of

3)¢

2 K39 D75 2 2

2 K39 E169 1 1

2 K39 D173 1 1

2 E58 K82 1

1 K391 D128 1

2 K409 D173 2 2

2 E412 K182 1

2 D414 K182 1 1

3 K509 D128 1 1

3 K509 D132 1

3 K520 D75 1

3 K520 E169 1

3 K521 D75 2 3

# Numbering for human P450 27A1 based on Uniprot Accession Q02318.

b Numbering for human adrenodoxin based on Uniprot Accession P10109.

¢ Three crosslinking samples were prepared in parallel from the same protein
stocks at the same time and kept separate during workup and analysis.

certain residues to EDC. The observed crosslinking sites are far from the
vitamin D3 binding site at the heme, making the vitamin D3 effect likely
allosteric in nature and due to protein conformational changes.

The residues identified from P450 27A1 were located in three clus-
ters. Cluster 1 includes K391 and is located on the proximal side of the
P450 where adrenodoxin is expected to bind based on comparison to X-
ray diffraction data of P450-adrenodoxin fusion constructs with P450
11A1 and 11B2 (PDB entries 3N9Y and 7M8I) [14,27]. K391 is between
B-sheet 1 and f-sheet 2 of the P450 27A1 model predicted from Alpha-
Fold. Cluster 2 includes K39, E58, K409, E412, and D414 and is located
on the proximal side of the P450 but further away from the expected
adrenodoxin binding site. When mapped to the AlphaFold prediction of
P450 27A1, cluster 2 includes residues in an unstructured N-terminal
region as well as p-sheet 2. Cluster 3 includes K509, K520, and K521 and
is located on the distal side of the P450 near p-sheet 4, indicating a
binding site unlikely to directly contribute to electron transfer. These
clusters are highlighted in Fig. 3A.

The residues identified in crosslinks originating from the adreno-
doxin are dispersed throughout the protein structure when compared to
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X-ray crystallography data from both adrenodoxin alone (PDB: 3P1M)
and P450-adrenodoxin fusion constructs including P450 11A1 or P450
11B2 [14,27]. Fig. 3B displays the location of residues identified in
crosslinks from adrenodoxin. Based on comparisons to fusion construct
data, only D132 of human adrenodoxin appears to be positioned to form
a relevant contact with the P450. Not all residues observed in our
crosslinking data for adrenodoxin are resolved in the structural data of
the fusion proteins. Additionally, the crystal structure data only capture
a single view of the orientation and may not fully represent the
conformational space of the interaction. In total, the broad spacing of
crosslinked residues across the structures of both the P450 and adre-
nodoxin suggests that crosslinked residues likely identify multiple
interaction modes.

3.2. Identification of P450-P450 intraprotein crosslinks

Chemical crosslinking of proteins and mass spectrometry analysis
were also performed to analyze intraprotein crosslinks of P450 27A1 and
adrenodoxin. These experiments explore how the structure of the P450
or adrenodoxin change when the proteins are isolated compared to
when they are in complex with one another or with the vitamin D3
substrate. Unlike in the interprotein crosslink analysis above performed
in solution, the intraprotein crosslinks were created in solution and then
purified by SDS-PAGE to make sure only the relevant protein or protein
complex was being examined. If the intraprotein crosslinks had been
analyzed directly from solution samples, it would have been difficult to
distinguish identified P450-P450 crosslinks as an intraprotein crosslink
coming from monomeric P450 vs interprotein crosslinks coming from a
P450 multimer. Similar reasoning also applies to adrenodoxin intra-
protein crosslinks. The top spectrum of Fig. 4 shows an example of a
P450-P450 intraprotein crosslink. Table 3 lists all the intraprotein
crosslinks identified in P450 27A1 under various conditions. Fig. 5A
shows the location of the residues identified from P450 27A1 intra-
protein crosslinking analysis modeled on an AlphaFold2 generated
structure of the protein.

Five distinct EDC crosslinks are identified with isolated P450 27A1
distributed at various places on the P450 structure. One of the crosslinks
shows up twice with different trypsin cleavage products attached. Two
of those original five crosslinks are again identified when either adre-
nodoxin or vitamin D3 is added to the reaction mixture. When both
adrenodoxin and vitamin D3 are added to the reaction mixture, a third
crosslink from the original five is identified. The two crosslinks identi-
fied when either adrenodoxin or vitamin D3 are added to the reaction
mixture would map between the B and C a-helices (D129-K123) and

B\

v
. ‘,,\
) LAY

Fig. 3. A. AlphaFold-generated structure of recombinant human P450 27A1. Highlighted as stick drawings in cyan, magenta, and green are clusters 1, 2, and 3
(respectively) of residues identified from interprotein crosslinking analysis. In orange is the approximate position of the heme group as expected from comparison to
PDB entry 3N9Y of a P450 11A1-adrenodoxin fusion construct. B. Adrenodoxin structure (PDB: 3P1M). Residues identified in interprotein crosslinking analysis are
shown in gold as stick drawings. The 2Fe-2S cluster of adrenodoxin is shown as yellow and orange spheres. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 4. Example MS/MS spectra of two identified intraprotein crosslinks. The residues crosslinked and the protein of origin are shown in the top left of each
spectrum. The isolated peptides containing the crosslinked residues are shown in the top right of each spectrum. The top spectrum is of a P450-P450 intraprotein
crosslink identified in sample Al. The bottom spectrum is of an adrenodoxin-adrenodoxin intraprotein crosslink identified in sample A3. Peak colors correspond to
identity assigned to peak: black — unassigned, red — a/b type ions assigned to peptide «, orange - y type ions assigned to peptide a, dark blue — a/b type ions assigned
to peptide p, and light blue — y type ions assigned to peptide p. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

B-sheet 3 (E504-K496) structures of the AlphaFold prediction of the
P450 27A1 complex. The crosslink identified when both adrenodoxin
and vitamin D3 are present (D434-K420) is hard to map to the AlphaFold
prediction of P450 27A1 due to disorder in the structure but likely in-
volves a flexible region between p-sheets 1 & 2 as well as a region be-
tween f-sheet 1 and a-helix L. This reduction in identified crosslinks
when P450 27A1 is in complex with either adrenodoxin or vitamin D3 is
similar to the pattern seen with the interprotein crosslinks described
above. Again, this points to the formation of a protein-protein or protein-
substrate complex reducing the number of conformations accessed by
the P450.

Intraprotein EDC crosslinks of adrenodoxin were also examined in
various conditions (Table 4). The bottom spectrum of Fig. 4 shows an
example of an adrenodoxin-adrenodoxin intraprotein crosslink. Fig. 5B

shows the location of the residues identified from adrenodoxin intra-
protein crosslinking analysis modeled on the PDB ID: 3P1M experi-
mental data set. Three crosslinks were identified with isolated
adrenodoxin; one of the crosslinks appears twice with different trypsin
cleavage products attached. Two of the crosslinks involve the same
acidic residue (E169). Two of the crosslinks involve the same basic
residues (K158). Therefore, a limited set of four residues (K158, E169,
D179, and K182) are implicated in adrenodoxin intraprotein crosslinks.
Looking at the positions in the X-ray diffraction crystal structure of
human adrenodoxin (PDB ID: 3P1M) [39], D179 and K182 are both
located in a flexible region of the structure near the C-terminus. E169 is
located right before o-helix E, the last secondary structure resolved
before the C-terminal unstructured region. K158 is located in a-helix D.
The distance between E169 and K182 is 38.2 A in the crystal structure
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Table 3
P450 27A1 intraprotein crosslinks identified with and without adrenodoxin
(Adx) and vitamin D3 present.

P450 P450 Isolated P450 27A1 P450 27A1 P450 27A1
Linked Linked  P450 27A1 + Vitamin + Adx + Adx +
Acidic Basic Samples D3 Samples Samples Vitamin D3
Site” Site® Containing Containing Containing Samples
the the the Containing
Crosslink Crosslink Crosslink the
(Out of 3)° (Out of 3)° (Out of 3)° Crosslink
(Out of 3)°
D129 K123 1 1 1 1
D138 K134 1
E294 K283 1
D434 K420 1 1
E504 K496" 2 2 3 3
E504 K496 1

# Numbering for human P450 27A1 based on Uniprot Accession Q02318.

b The peptide identified with the crosslinked basic residue was different be-
tween these crosslinked samples. The same crosslink is represented but with
different trypsin cleavage products. In the first case, the peptide containing the
basic residue is LIQKYK. In the second case, the peptide containing the basic
residue is IAELEMQLLLARLIQKYK.

¢ Three crosslinking samples were prepared in parallel from the same protein
stocks at the same time and kept separate during workup and analysis.

data. This is too far apart for EDC to crosslink the residues together in an
intraprotein crosslink. Two alternative interpretations are possible.
First, that this is really an interprotein crosslink from an adrenodoxin
dimer that was not fully separated by the SDS-PAGE purification. Sec-
ond, the adrenodoxin structure is much more flexible than what is
suggested by the crystallography data. Regardless of interpretation, the
E169-K182 crosslink is not observed when P450 27A1 is also present or
when vitamin Ds is present. It is unclear why the presence of vitamin D3
would alter adrenodoxin structure. The effect may be related to the 0.49
% (v/v) of ethanol present when substrate is present or may be experi-
mental error. The small amount of ethanol present with substrate was
not considered to be significant and was not compensated for in samples
without substrate. No adrenodoxin intraprotein crosslinks are observed
when P450 27A1 is present. Again, the decrease in observed crosslinks
upon complex formation supports that complex formation reduces
conformational heterogeneity.

3.3. Molecular modeling

The crosslinking data presented above provide an incomplete picture
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of how P450 27A1 and adrenodoxin interact. The crosslinking data are
most valuable to yield some restraints as to how close some parts of the
two proteins must be to one another when interacting. Molecular
modeling is required to further interpret this data. A series of molecular
modeling steps was performed using the DisVis and HADDOCK software.
First, each cluster of interprotein crosslinks was used as restraints with
DisVis to determine if the clusters were self-consistent, meaning that all
restraints could be simultaneously fulfilled in some orientation of the
two-protein complex. All restraints could not be fulfilled at one time.
Cluster 1 and cluster 2 restraints could not all be simultaneously ful-
filled. Cluster 2 has redundant restraints that may make it impossible to
simultaneously fulfill all constraints (multiple crosslinks involve P450
27A1 residue K39). We refined this list to include the cluster 1 and a
subset of the presumed closest restraints on the P450 structure based on
the AlphaFold structure. The subset of cluster 2 restraints that could
work with cluster 1 restraint (P450 K391 — Adx D128) were the P450
K409 - Adx D173, P450 E412 — Adx K182, and P450 D414 — K182 re-
straints. This subset would be indicative of an adrenodoxin binding site
on the proximal side of the P450 enzyme and is consistent with the
orientation described by the P450 11A1-Adx and P450 11B2-Adx fusion
X-ray crystallography data. Cluster 2 and cluster 3 could not be simul-
taneously fulfilled, nor could a meaningful subset of these groupings.

Table 4
Adrenodoxin (Adx) intraprotein crosslinks identified with and without P450
27A1 and vitamin D3 present.

Adx Adx Isolated Adx  Adx + Adx + P450 Adx + P450
Linked Linked  Samples Vitamin D3 27A1 27A1
Acidic Basic Containing Samples Samples Vitamin D3
Site® Site® the Containing Containing Samples
Crosslink the the Containing
(Out of 3)° Crosslink Crosslink the
(Out of 3)° (Out of 3)° Crosslink
(Out of 3)°
E169 K158 2 1
E169 K182 2
D179 K158 1
D179" K158 1 1

# Numbering for human adrenodoxin based on Uniprot Accession P10109.

Y The peptide identified with the crosslinked basic residue was different be-
tween these crosslinked samples. The same crosslink is represented but with
different trypsin cleavage products. In the first case, the C-terminus was a lysine
due to cleavage from trypsin (sequence: QSIDVGK). In the second case, the C-
terminus was the C-terminus of the entire Adx protein (sequence: QSIDVGKTS).

¢ Three crosslinking samples were prepared in parallel from the same protein
stocks at the same time and kept separate during workup and analysis.

Fig. 5. A. AlphaFold-generated structure of recombinant human P450 27A1. Highlighted as stick drawings in green are residues identified from intraprotein
crosslinking analysis. In orange is the approximate position of the heme group as expected from comparison to PDB entry 3N9Y of a P450 11A1-adrenodoxin fusion
construct. B. Adrenodoxin structure (PDB: 3P1M). Residues identified in intraprotein crosslinking analysis are shown in gold as stick drawings. The 2Fe-2S cluster of
adrenodoxin is shown as yellow and orange spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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This is likely because cluster 2 and cluster 3 are on opposite sides of the
P450 structure. Cluster 1 and cluster 3 restraints could be simulta-
neously fulfilled; however, this leads to a complex structure where the
cluster 1 (P450 K391 — Adx D128) restraint is nonsensical. The distance
restraint is met but the residue proximity is through the P450 protein
surface, which would prevent a crosslink from occurring in real physical
space. Therefore, the cluster 1 and cluster 3 grouping was rejected.
Cluster 3 by itself can have all restraints fulfilled simultaneously and
describes adrenodoxin binding on an allosteric, distal site on the P450.
Investigating cluster 1 or 2 restraints by themselves was rejected because
remixing those restraints to form a 4-restraint set to describe a proximal
binding interface was the best way to allow crosslinking data to inform
molecular modeling.

The presence of vitamin D3 substrate and the persistence of a
crosslink do not appear to correlate with the crosslink groupings used to
define the proximal and distal binding interfaces. Of the four crosslinks
used to define the proximal binding interface, only two remain in
crosslinking data with vitamin D3 present (P450-Adx: K409-D173 and
D414-K182). Of the five crosslinks used to define the distal binding
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interface, only two remain in crosslinking data with vitamin D3 present
(P450-Adx: K509-D128 and K521-D75). Therefore, the modeled protein
complexes are likely not capturing the full effects of substrate binding on
protein structure dynamics.

After the proximal binding interface and the distal binding interface
were defined from preliminary DisVis simulations, more thorough Dis-
Vis simulations were performed. This second simulation was used to
determine the list of surface-accessible residues likely involved in a P450
27A1 - adrenodoxin complex consistent with the provided crosslinking-
based distance restraints. Finally, the HADDOCK software was used to
model what possible binding interaction geometries are consistent with
the crosslinking restraints. The HADDOCK software uses a scoring
function that is a linear combination of various calculated energies for
different proposed structures. As pointed out by Glass and colleagues
[17], the HADDOCK score gives a larger weighting to van der Waals
intermolecular energy than electrostatic interaction energy and distance
restraints energy. For P450 enzymes interacting with ferredoxins, the
electrostatic interaction is believed to be of primary importance [51].
Also, the distance restraints used here are empirically derived from the
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Fig. 6. Representative images of best HADDOCK result complexes for the proximal (A and B) and distal (C and D) binding sites. Subpanels B and D are 180° rotations
of subpanels A and C. The P450 27A1 structure is shown in dark grey. The adrenodoxin structure is shown in cyan for the proximal binding site and green for the
distal binding site. In orange is the approximate position of the heme group as expected from comparison to PDB entry 3N9Y of a P450 11Al-adrenodoxin fusion
construct. The 2Fe-2S cluster of the adrenodoxin can be approximated by the position of the cysteine residues that coordinate the cluster. These are shown as yellow
ball and stick structures. The approximate position of the inner mitochondrial membrane is indicated by a dashed black wavy line. The orientation of the protein with
respect to the mitochondrial matrix is labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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crosslinking data. It would make sense to weight these energies more
significantly. In the cases of the proposed proximal and distal binding
interactions simulations performed here, the best overall ranked
HADDOCK complexes were also the best ranked complexes based on
electrostatic interactions energy and distance restraint energy (weighted
by their standard HADDOCK weightings). Because of this consistency in
the top-ranked structures, no changes in the HADDOCK score weightings
were made. The best HADDOCK overall ranked complexes are further
examined.

The proximal (Fig. 6A and B) and distal binding site (Fig. 6C and D)
modeling results describe two very different binding sites for adreno-
doxin on P450 27A1. They are on different sides of the P450 structure. In
the case of the proximal binding site, the orientation is similar to what is
seen in the fusion construct experimental structures for P450s 11A1 and
11B2. In these three cases the adrenodoxin is on the proximal side of the
P450 heme with o helix 3 of adrenodoxin oriented toward the P450 and
the four cysteines (C106, C112, C115, and C152, Uniprot P10109
numbering) that coordinate the 2Fe-2S cluster of adrenodoxin close to
the P450 surface near the P450 heme. In the case of the distal binding
site, both « helix 2 and 3 of adrenodoxin are oriented toward the P450
indicating a different interaction geometry than the other binding site.
Furthermore, the distal binding site geometry would point the four
cysteines that coordinate the 2Fe-2S cluster of adrenodoxin away from
the P450. Conserved between the two modeling results is that the un-
structured C-terminal tail of the adrenodoxin is wrapping around the
P450 surface, which could aid in complex stabilization. The modeling
results, as an extension of the crosslinking results, support the idea of
multiple binding sites available to adrenodoxin on P450 27Al. The
proximal binding site described here is most likely similar to the cata-
lytically active position of adrenodoxin based on the orientation and
proximity of the adrenodoxin 2Fe-2S cluster with respect to the P450
heme.

3.4. Steady state kinetics

P450 27A1 steady-state reaction parameters were measured at
increasing adrenodoxin concentrations to determine the reaction-
modulating effects of adrenodoxin. P450 27A1:Adx ratios were 1:1,
1:3, 1:10, and 1:50 with P450 concentration staying constant. As Adx
concentrations increased, k.4 increased. The value of k.q;/K;,, decreases
with increased adrenodoxin concentration, which led to increased
values of K, (Table 5). The Michaelis-Menten hyperbolic curves of the
experiments are shown in Fig. 7. For each condition, three replicates of
the reaction were performed. Vitamin D3 concentrations ranged from 1
to 50 uM for 10-fold and 50-fold Adx but ranged from 1 to 30 pM for 1-
fold and 3-fold Adx. Concentrations of vitamin D3 substrate higher than
50 pM were attempted, but the results were inconsistent likely due to
solubility issues. The reported solubility of vitamin D3 in pure water at
298.2 K is 57 puM [52]. The increased temperature in these experiments
should increase solubility, but the buffer conditions would likely
decrease solubility. The exact solubility under these conditions is un-
known; however, it is likely still near 50 pM. The difference in substrate
range between experiments with variable adrenodoxin concentrations is
because in the 1-fold and 3-fold Adx experiments substrate saturation
was achieved at lower concentrations, as judged by the highest substrate
concentration being greater than 4-times the measured Kp,. Kinetics data

Table 5
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is also deposited as STRENDA ID LNJNJW [53].

3.5. Equilibrium substrate binding titrations

In this study, it was observed that the binding of vitamin D3 does not
elicit a shift in the P450 Soret absorbance, as is often used for tracking
ligand binding to P450 enzymes. An alternative method to determine
the effects of adrenodoxin on the binding affinity of vitamin Dg is a
competition experiment. In this experiment, the binding affinity of
dexmedetomidine hydrochloride (DMM) for P450 27A1 was determined
with and without vitamin D3. When DMM binds to P450 27Al, a
noticeable shift in the heme Soret absorbance can be observed, which
can be used to generate a difference spectrum [49]. A quadratic fit (Eq.
(3)) was used on the binding isotherm obtained from the difference
between the absorbance maximum and minimum (typically 434 nm and
413 nm, respectively) plotted against DMM concentrations to determine
the apparent Kq of DMM (KgpmMapp) if vitamin D3 was in solution or the
real Kq of DMM (Kgpmm) if vitamin D3 was not in solution. Using Eq. (2),
K4 of vitamin D3 (Kgyp3) was measured using Kgpmmapp and Kgpmm, at
increasing adrenodoxin concentrations. At all adrenodoxin concentra-
tions, a type II spectral shift was observed for both types of DMM
titration. Example binding isotherms and difference spectra for both
types of DMM titrations are shown in Fig. 8. For each adrenodoxin
concentration, the titration was performed in triplicate. The arrows
indicate an increase in peak size as the titrant concentration increased.

Table 6 gives Kipmm, Kipmmapps and Kgyps values measured at
increasing adrenodoxin concentrations. The measured Kgpyy value with
0 pM adrenodoxin is significantly different (P < 0.05) from all the values
obtained with adrenodoxin present; however, the values with adreno-
doxin present were found to not be statistically different from one
another. Using Eq. (2), Kgyps were calculated and found to be within the
95 % confidence interval of each other across different adrenodoxin
concentrations and increasing and decreasing unpredictably at
increasing adrenodoxin concentrations. One-way ANOVA confirmed
that the differences between Kgyps values are statistically insignificant
(o = 0.01, p values for the comparisons range from 0.2526 to 0.9979).

4. Discussion

The purpose of this study was to investigate the interaction of human
cytochrome P450 27A1 and its redox partner protein adrenodoxin to
determine structurally how the two proteins interact and whether there
is evidence that P450 27A1 catalysis is affected by adrenodoxin other
than by electron transfer. Additionally, an aim of this investigation is to
compare these results to similar studies with other human mitochondrial
P450 enzymes to look for patterns (see review of relevant studies out-
lined in the introduction section). Fig. S2 in the Supporting Information
shows a sequence alignment of human mitochondrial P450 enzymes in
which residues identified in various references as important to the P450
and adrenodoxin interaction are highlighted. Outside of mutational
studies, no structural method of characterizing the P450 27A1 and
adrenodoxin interaction has been reported. Since the EDC crosslinking
method has been applied to four out of the seven human mitochondrial
P450 enzymes (either directly or indirectly by comparison with a
mammalian isoform), it seemed appropriate to continue applying the
same method toward completing the set.

Kinetic parameters measured from vitamin D3 hydroxylation by P450 27A1 at increasing concentrations of adrenodoxin (Adx).

[P450]:[Adx] Ratio Kear min~? (95 % CI)

Koy UM (95 % CI) Kea/Km, min ! pM ! (95 % CI)

1:1 (1-fold [Adx])
1:3 (3-fold [Adx])
1:10 (10-fold [Adx])
1:50 (50-fold [Adx])

0.0705 (0.0639-0.0770)
0.192 (0.167-0.217)
0.662 (0.593-0.731)
1.06 (0.894-1.22)

0.361 (0.0917-0.630)
6.88 (4.68-9.07)
13.6 (10.2-17.0)
14.6 (9.19-20.0)

0.195 (0.0605-0.330)

0.0279 (0.0221-0.0337)
0.0488 (0.0411-0.0565)
0.0725 (0.0557-0.0893)
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Fig. 7. Steady-state Michaelis-Menten hyperbolic curves of the vitamin D3 hydroxylation by P450 27A1. A change in rate was observed between 1-fold Adx (grey), 3-
fold Adx (blue), 10-fold Adx (red), and 50-fold Adx (black). Experiments were performed in triplicate. Panel A shows all traces. Panel B is a subset of Panel A focused
on the 1-fold and 3-fold Adx experiments. The solid lines are the lines of best fit to Eq. (1), and the dotted lines around them are the 95 % confidence bands of each fit.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Binding isotherms and difference spectra of substrate binding to P450 27A1. A and B, example binding isotherm and difference spectrum, respectively, from
DMM binding to P450 27A1 at 10 pM Adx, without vitamin Ds. C and D, example binding isotherm and difference spectrum, respectively, from DMM binding to P450

27A1 at 10 pM Adx, with 1 pM vitamin Ds.

The results presented in Table 2 for P450 27A1 and adrenodoxin
crosslinking by EDC show a larger set of crosslinks identified than in the
other reports of EDC crosslinking. The results presented here report 13
distinct crosslinking interactions whereas results for P450 11B1 report 2
[25], for P450 11B2 report 3 [25], for P450 24A1 report 2 [26], and for
P450 27C1 report 11 [17]. This difference may primarily be due to
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starting from a solution phase sample in this work as opposed to an
SDS-PAGE resolved sample in the other works. Working from a solution
phase sample increases the amount of protein available for protease
digestion versus the same amount of protein embedded in gel, which
may increase detection of crosslinks. However, it is worth noting that the
work with P450 27C1, the P450 with the highest identity to P450 27A1
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Table 6
Measured or calculated equilibrium dissociation constants of P450 27A1 with dexmedetomidine (DMM) or vitamin D3 at increasing concentrations of adrenodoxin
(Adx).
[P450]:[Adx] Ratio Kq DMM (Kgpamp) without Vitamin D3, pM (95 % CI) Kq DMM (Kapmmapp) With 1 pM Vitamin D3, pM (95 % CI) K4 Vitamin D3 (Kgyps), pPM (95 % CI)
1:0 5.1 (4.5-5.8) 7.4 (6.5-8.3) 2.3(1.8-2.7)
1:1 (1-fold [Adx]) 3.5(3.3-3.8) 5.6 (4.7-6.4) 1.8 (1.5-2.0)
1:3 (3-fold [Adx]) 3.1(3.0-3.2) 4.4 (3.9-4.9) 2.4 (2.1-2.7)
1:10 (10-fold [Adx]) 2.8 (2.5-3.1) 4.4 (4.0-4.9) 1.7 (1.5-2.0)
1:50 (50-fold [Adx]) 3.2 (2.7-3.8) 6.0 (5.4-6.7) 1.2 (0.93-1.4)

(36.80 % based on full Uniport sequence), also has a significantly higher
number of identified crosslinks. This raised the question of whether
these P450 enzymes bind adrenodoxin in a different manner or tighter to
promote more crosslink formation. In one previous study using titrations
analyzed by heme Soret band absorbance shift, P450 27A1 was shown to
have a stronger interaction (lower K4) with adrenodoxin than P450
11A1. This was attributed to the presence of arginine 451 in P450 27A1
that is not present in P450 11A1 [23]. While P450 27C1 alone among the
other mitochondrial P450s also has an arginine at a similar position, this
residue would not be identified by crosslinking studies since EDC does
not react with arginine [17]. It would be interesting to perform the
relevant arginine to lysine mutation (as done in some cases with the
P450 11B subfamily [25]) to see if the residue is then captured in
crosslinks. This approach could help determine the role of arginine
residues in P450-Adx binding. On the other hand, another study looking
at P450-Adx interactions using microscale thermophoresis showed P450
11B2 to have similar if not stronger interactions with adrenodoxin
compared to P450s 27A1 and 27C1 [33], and yet another study using
surface plasmon resonance reports P450 11A1 has a stronger interaction
with adrenodoxin than P450s 11B1 and 11B2 [54]. No other study has
used the same method to evaluate the P450-Adx K4 binding constants, so
it is difficult to correlate the adrenodoxin binding strength to crosslink
number. Moreover, crosslink number can be impacted by factors other
than binding strength like peptide ionization and protein sequence
coverage. Regardless of the effect on thermodynamic binding strength,
the presence of this additional arginine may encourage greater inter-
action time between a P450 and adrenodoxin, leading to a greater
chance of crosslink development regardless of actual residues involved.

Another important comparison to make across the various P450-Adx
crosslinking studies is the actual residues identified. A lysine at the same
relative position as residue K391 in P450 27A1 is conserved in all seven
human mitochondrial P450 enzymes and is the only lysine conserved
across all seven P450 enzymes. Lysine 391 is the only P450 27A1 residue
observed in our crosslinking data that also appears in the crosslinking
results of other P450 enzymes. (Residue numbering for other P450 en-
zymes is based on Uniprot entries: P450 11A1 - P05108, P450 11B1 —
P15538, P450 11B2 — P19099, P450 24A1 - Q07973, P450 27A1 -
Q02318, P450 27B1 - 015528, and P450 27C1 - Q4G0S4.) The corre-
sponding lysine in P450s 11B1 (K370), 11B2 (K370), and 24A1 (K382)
was observed in crosslinking studies but not in the crosslinking study in
P450 27C1 [17,25,26]. Lysine 391 is also of note because it is the only
residue of three (K387, K391, and R451) identified by Pikuleva and
colleagues as important to the P450 27A1 and adrenodoxin interaction,
based on mutational studies of P450 27A1 activity and/or studies of
P450 27A1 and adrenodoxin binding affinity, that is also found in our
crosslinking data [23]. The corresponding lysine in P450 11A1 (K378)
has also been identified as important based on mutational studies [20,
22]. The corresponding lysine in P450 11B2 (K370) was identified by
inspection of the P450 11B2 - adrenodoxin fusion construct as impor-
tant to the complex interaction [14]. Finally, modeled structures of P450
27B1 and adrenodoxin suggest that the corresponding lysine (K375) in
P450 27B1 is also important to complex formation [24]. The consistency
of this lysine appearing in crosslinking studies, fusion construct struc-
tural studies, and mutational studies implies that its conservation across
all of the human mitochondrial P450 enzymes may be a key point for the
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P450 and adrenodoxin interaction.

There are two omissions from our P450 27A1 crosslinking data
worth highlighting. The P450 11B1 and 11B2 crosslinking data identi-
fied K357 in crosslinks to adrenodoxin but the corresponding K378 in
P450 27A1 was not observed [25]. The P450 27C1 crosslinking data
identified K181 in crosslinks to adrenodoxin but the corresponding K167
in P450 27A1 was not observed [17]. These differences in P450 cross-
linking residues suggest that while some conservation of the interaction
exists, there is also flexibility in how this interaction can develop be-
tween different P450 enzymes.

There is also variability in the residues involved in crosslinks from
adrenodoxin across the different crosslinking studies: D132 of adreno-
doxin shows up in crosslinks with P450s 27C1 and 27A1, D139 shows up
in crosslinks with P450s 11B1, 11B2, and 27C1, E169 shows up in
crosslinks with P450s 24A1 and 27A1, and D173 shows up in crosslinks
with P450s 11B1, 11B2, and 27A1. However, the residues on the P450
that these conserved adrenodoxin residues are crosslinked to varies. For
example, the P450 27A1 K391 crosslink that is conserved in the corre-
sponding lysine in P450s 11B1, 11B2 and 24A1 are all linked to different
adrenodoxin residues: Adx D139 with P450 11B1, Adx D136 with P450
11B2, Adx E95 with P450 24A1, and Adx D128 with P450 27A1 [17,25,
26]. One conserved pattern is that many of the adrenodoxin crosslinked
residues are in «a helix 3 of adrenodoxin which has been highlighted as
key for the P450 and adrenodoxin interaction by both NMR and fusion
construct structural studies [14,27,55]. Additionally of note is that K182
of adrenodoxin appears in crosslinks with both P450 27A1 and 27C1.
This is counter to the conventional view that adrenodoxin contributes
acidic residues and P450 enzymes contributes basic residues. In total,
the variation in adrenodoxin participation in the different crosslinking
studies further emphasizes that the interaction is flexible and variable
between P450 enzymes even though they use the same redox partner.

Another way in which these crosslinking results with P450 27A1
vary from other studies is the apparent effect of adrenodoxin and/or
substrate on P450 structure. The results in Tables 2 and 3 show a
decrease in the number of interprotein and intraprotein crosslinks
identified when either adrenodoxin or vitamin D3 is added to solution
with P450 27A1. There does not appear to be any further reductive ef-
fect of having both adrenodoxin and vitamin D3 present. Our interpre-
tation of this finding is that the presence of either redox partner or
substrate affects the accessible conformational space of the P450
enzyme. In their crosslinking study with P450 24A1, Kumar and col-
leagues reach a similar conclusion but from a different approach [26]. In
their discussion of conformational effects, they focus on P450 intra-
protein crosslinks. They find additional P450 intraprotein crosslinks in
their data when adrenodoxin is in solution, and they suggest that a new
P450 conformation is induced when adrenodoxin is bound. Further-
more, they find that while substrate alone does not induce changes in
P450 intraprotein crosslinking, the presence of both substrate and redox
partner further promotes structural changes in the P450 compared to
adrenodoxin alone. Therefore, presence of substrate and redox partner
have a synergistic effect on P450 structure with P450 24A1 but not P450
27A1, and the presence of redox partner increases conformational
variability with P450 24A1 but decreases it with P450 27A1l. This
conclusion needs to be examined with techniques that better examine
the entire protein structure to confirm this pattern is not due to
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limitations of the crosslinking method to surface residues and only as-
partates, glutamates, and lysines.

The crosslinking results in this study are intended to provide rough
guidelines for modeling protein-protein interactions and are not inten-
ded to be viewed as fully accurate representations of all interacting
residues of the proteins. This is due to the limited reactivity of EDC as
noted earlier. Also, this is due to the non-physiological conditions of the
crosslinking reactions. The reactions were performed without lipid
membranes or membrane mimics. The presence and identity of lipids is
known to affect P450 27A1 activity; therefore, the presence of lipids will
almost certainly affect protein conformational equilibrium and the
accessibility of different parts of the protein. Furthermore, the proteins
used were all produced in E. coli and would not have post-translational
modifications present in native cell production. This is relevant because
both the P450 27A1 UniProt record (Q02318) and another study indi-
cate modification of lysine residues by acetylation or arachidonate
oxidation products [56]. These references highlight lysine residues
appearing in the crosslinking results (K391, K509, K520). Other
post-translational modifications (e.g., glycosylation, phosphorylation)
would also likely alter the interaction between the proteins. Finally, we
may expect different crosslinking results with different substrates as
others have noted the P450-adrenodoxin interaction changes with P450
11A1 depending on whether cholesterol or vitamin D3 is present [57].
Regardless of these limitations, the crosslinking data still informs our
understanding of the preferences for protein interaction.

By using the crosslinking interactions as restraints, two different
adrenodoxin binding sites on P450 27A1 were generated from modeling
work. The distal site is unlike anything reported for human mitochon-
drial P450 interactions previously; however, Glass and coworkers report
alternative bindings sites for adrenodoxin on P450 27C1, including
allosteric sites [17]. The result presented in our study possibly repre-
sents either a poorly populated allosteric site or an over analysis of
spurious crosslink noise. The distal binding site is most likely not
physiologically relevant as it would require adrenodoxin to be present in
the inner mitochondrial membrane or a significant reorientation of the
P450 enzyme (see Fig. 6C and D). Furthermore, the change in distance
and orientation from the [2Fe-2S] cluster to the heme would signifi-
cantly alter electron transfer rates. If two adrenodoxin binding sites are
bound at the same time, one might expect to see an 80-85 kDa band in
lane 7 of the SDS-PAGE result of Fig. 1. There are faint bands in this
molecular weight range in Fig. 1; however, more detailed structural data
would be needed to conclude the possibility of complexes other than the
1:1 stoichiometry.

The proximal binding site result shown in Fig. 6A and B is proposed
to be similar to an active complex structure and can be compared to
other proposed complex structures. Using the Matchmaker tool in Chi-
meraX, the predicted structure of the P450 27A1-adrenodoxin complex
was aligned with the P450 11A1 (Fig. S3) and P450 11B2 - adrenodoxin
fusion constructs. There is good alignment between the P450 complexes.
The RMSD of the P450 11A1 domain of the experimental structure to the
P450 27A1 domain of the predicted structure is 1.158 A between 350
pruned atoms pairs and 2.712 A across all 463 pairs, this excludes the
adrenodoxin domain. The RMSD of the P450 11B2 domain of the
experimental structure to the P450 27A1 domain of the predicted
structure is 1.220 A between 311 pruned atom pairs and 3.547 A across
all 459 pairs, this excludes the adrenodoxin domains. “Pruned atom
pairs” refers to the subset of all atom pairings where ChimeraX has
removed atom pairings structurally distant from one another. The P450
domains are fairly well-aligned; however, the adrenodoxin domains are
more variable. The experimental adrenodoxin structural data do not
resolve all the adrenodoxin residues, so RMSD calculations cannot be
done for the entire structure. The RMSD of the peptide backbone of the
67 residues present in all three adrenodoxin structures is 9.771 A be-
tween the adrenodoxin domain of the P450 11A1 fusion and adreno-
doxin domain of the proximal binding site result and is 10.660 A
between the P450 11B2 fusion adrenodoxin domain and the
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adrenodoxin domain of the proximal binding site result. For reference,
the adrenodoxin domains of the two fusion constructs have a much
smaller RMSD of 1.998 A. Upon visual inspection, the adrenodoxin
domain of the proximal binding site modeling result from this work
appears rotated from orientation of the fusion constructs (see Fig. S3 in
the Supporting Information). This rotation forces the 2Fe-2S cluster site
of the adrenodoxin further away from the heme iron atom (~25 [o\)
compared to the distance in the fusion proteins (~20 A). The ~25 A
distance in our result with P450 27A1 is similar to the 26.1 A result
reported for crosslink-restraint driven computational docking of P450
27C1 with adrenodoxin [17]. Despite these differences in orientation
and redox center distances, the adrenodoxin in our modeling result does
mostly have the same secondary structures and tertiary fold as the fusion
experimental structures except that small a helices 4 and 5 present in the
experimental data are missing from our modeling result. Additionally, «
helix 3 of adrenodoxin, previously suggested by others as most respon-
sive to P450 binding [55], is closest to the heme in the respective P450
structures. In total, it appears that the proximal binding site described by
crosslinking restrictions and predicted by modeling yields a similar
interaction to the fusion construct data but with a twist on the orien-
tation. The differences between the modeling data and the experimental
structural data could be due to limitations in the modeling approach or
could be due to limitations in conformational freedom of the in-
teractions of the fusion constructs since the two protein domains in the
fusion constructs are bound by a linker of definite length and limited
conformational flexibility. Experimental structural data of a non-linked
P450 and adrenodoxin dimer complex would aid in determining the
appropriate orientation of the adrenodoxin with respect to the P450.

Subsequent to reporting crosslinking data, the effects of varied
adrenodoxin concentrations on P450 27A1 reactivity with the substrate
vitamin D3 were studied. These results are shown in Fig. 7 and Table 5.
The best comparison of our steady state data to other P450 27A1 data is
from the work of Sawada and coworkers. In their study, they found the
kcar and K, values of the P450 27A1 and vitamin D5 reaction to be 0.27
min ! and 3.2 pM, respectively, with protein concentrations of 0.1 uM
P450, 2.0 pM adrenodoxin, and 0.2 pM adrenodoxin reductase [58]. Our
kcar value is 2.5-3.9-fold faster for the P450:Adx ratios closest to theirs,
and our K, value is 4.3-4.6-fold larger. Therefore, our values are
different but within a factor of 5-fold range. The discrepancy in kinetic
parameters is likely due to their use of unpurified P450 still in E. coli
membrane fractions as opposed to our approach of isolated and purified
P450 enzyme. Their use of membrane fractions would change the local
environment around the P450 compared to our buffered solution envi-
ronment. Measuring P450 27A1 kinetics in lipid membranes or cyclo-
dextrin changes the observed kinetics [30]. Different phospholipids in
solution with P450 27A1 can have variable effects on enzyme kinetics
and substrate binding [59]. Variation in enzyme function with different
phospholipids has also been observed with other P450 enzymes [60].
This effect varies for different substrates and P450 enzymes and would
need to be studied specifically for this reaction to determine its contri-
bution to the observed difference in kinetic parameters.

The overall trends of our experiment with varying adrenodoxin
concentrations are that with increasing adrenodoxin concentration the
kca: Of the reaction increases, the k.q:/K;, of the reaction decreases, and
consequently the K, of the reaction increases. If either of the adreno-
doxin mediated reduction steps in the P450 catalytic cycle are rate-
limiting, it would make sense that the k., of the reaction increases
with increasing adrenodoxin as increasing the population of reduced
adrenodoxin in solution should speed up the overall reaction. This is
what is observed in this case.

The adrenodoxin reductase mediated reduction of adrenodoxin,
which must occur before reduction of the P450, is not rate-limiting and
therefore not contributing to the reported adrenodoxin concentration
effects on P450 27A1 catalysis. A previous study has determined the
kinetic parameters of the adrenodoxin reductase and adrenodoxin re-
action [33]. Based on those values, the adrenodoxin reductase and



Q.T. Vu et al.

adrenodoxin reaction under the lowest adrenodoxin concentration
studied here is nearly 1000-fold faster than the P450 reaction. The
adrenodoxin reductase reaction is proceeding at a velocity (v) of 13
pM/min whereas the P450 27A1 reaction has a v of 0.014 pM/min. The
adrenodoxin reductase reaction should also not be limited by reagent
concentrations either. Once the adrenodoxin transfers electrons to the
P450, it is able to be reduced again by adrenodoxin reductase.
Furthermore, the NADPH concentrations are at least initially 100-fold
greater than the adrenodoxin concentration. The amount of NADPH
needed to support the amount of product produced in the most optimal
conditions (50-fold adrenodoxin and 50 pM vitamin D3) is only
approximately 3 pM NADPH, ignoring uncoupling. Therefore, the excess
NADPH, recycling of adrenodoxin, and fast adrenodoxin reductase re-
action should mean any observed trend in changes to the P450 kinetic
parameters is due primarily to that reaction.

Interestingly, the k.q:/Kp, value for the P450 reaction decreases with
increasing adrenodoxin concentration. The parameter k.q/K, can be
considered an efficiency rate constant that reports on the probability
that the substrate reacts rather than dissociating, also referred to as
catalytic specificity [48]. By this definition, the data presented here
suggests that with increasing adrenodoxin concentration, the vitamin D3
substrate is more likely to dissociate than be converted to product. This
is counterintuitive as we have already seen that the overall reaction rate
is faster with more adrenodoxin present. That interpretation is sup-
ported by the calculated value of K;,, decreasing with increasing adre-
nodoxin concentration. The simple interpretation of this trend is that
adrenodoxin presence discourages vitamin D3 binding; however, this is
based on a common misconception that the Michaelis constant K, is
equivalent to the substrate dissociation constant K4. These two constants
are only the same in cases where substrate binding equilibrium is rapid
compared to catalytic turnover. K, is therefore difficult to interpret
directly in most cases [48].

We further examined the effect of adrenodoxin concentration on
substrate binding via equilibrium titration (Fig. 8 and Table 6) and
found adrenodoxin concentration had no effect on the vitamin D3
equilibrium dissociation constant (Kq). Taken together, these data sug-
gest that for P450 27A1 and vitamin Ds, the presence of excess adre-
nodoxin causes vitamin D3 to more often dissociate from the enzyme in a
reaction step past initial binding/unbinding but prior to product for-
mation. This could be explained by changes in kinetics of later reaction
steps like oxygen binding or P450 reduction and may be observable by
directly studying these steps or other general parameters like NADPH
reaction coupling and stability of P450-oxy complexes. The nature of the
change in P450 enzyme activity could be due to a shift in P450
conformational state either due to direct adrenodoxin interaction or
indirect molecular crowding effects. Further detailed kinetic studies of
this reaction will be required to parse all effects of adrenodoxin on P450
27A1 catalysis and their origins.

The adrenodoxin effects on steady state kinetics parameters and
equilibrium binding constants observed here can be compared to data
with other human mitochondrial P450 enzymes. The most complete
comparison is to the reactions of human P450s 11B1 and 11B2 with
varying adrenodoxin concentrations [13,14]. In both cases, increasing
adrenodoxin concentration compared to the P450 concentrations in
ratios similar to this study showed that with increasing adrenodoxin
concentration the k.4 of the reaction increases, the k.q/K;, of the reac-
tion increases, the K, of the reaction decreases, and the value of sub-
strate Ky decreases (the change in Ky is less dramatic with P450 11B2).
Thus, in the case of the human P450 11B enzymes, adrenodoxin does
appear to increase reaction efficiency by encouraging substrate binding.
No studies on other human mitochondrial P450 enzymes have looked at
the effect of multiple adrenodoxin concentrations on both steady state
kinetics and substrate equilibrium binding. However, different studies
have examined the binding of substrate to human mitochondrial P450
enzymes with at least one adrenodoxin concentration and without
adrenodoxin. Studies on P450 11A1 [15], P450 24A1 [16], and P450
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27C1 [17] with their respective substrates show no significant change in
substrate binding Kq when adrenodoxin is added to solution. With the
results from this study on P450 27A1 and only human P450 27B1
missing from the list of human mitochondrial P450 enzymes where
substrate binding has been studied with and without adrenodoxin, it
appears the effect of adrenodoxin to enhance substrate binding to the
P450 11B enzymes is the exception and not the rule.

5. Conclusions

In conclusion, this work examined the interaction of human cyto-
chrome P450 27A1 with adrenodoxin. Chemical crosslinking of the two
proteins followed by mass spectrometry crosslink verification adduce
that the two proteins primarily form a 1:1 protein complex but may do so
in multiple orientations. Two binding sites for adrenodoxin on P450
27A1 were suggested by using the crosslinking data as restraints for
molecular modeling of the protein complex. Analysis of the interprotein
and intraprotein crosslinks formed under varying conditions with
adrenodoxin and/or substrate present revealed that the presence of
either adrenodoxin or substrate limits the conformational space
accessed by the P450 enzyme. Studies of P450 27A1 steady state kinetics
showed that increasing the concentration of adrenodoxin in these
studies increases reaction k., decreases k.qo/Km, and increases K.
Follow-up studies of substrate binding equilibrium constant (Kg) with
increasing adrenodoxin concentration show no effect of adrenodoxin
concentration on binding constant. This implies that the trends observed
in the kinetics data are not simply explained by a change in the affinity
of substrate for the enzyme in the initial binding step. Further studies of
other reaction steps with varied adrenodoxin concentration will need to
be performed to determine what causes decreased reaction efficiency
(kcat/ Km)

When compared to similar studies of adrenodoxin with other human
mitochondrial P450 enzymes, there are different outcomes depending
on the P450 enzyme being examined. Studies of P450s 11B1, 11B2,
24A1, and 27C1 do not yield consistent crosslinking results and show
limited overlap with the results presented here. P450 24A1 appears to
have increased conformational flexibility in the presence of adreno-
doxin, whereas P450 27A1 appears to have decreased conformational
access. P450s 11B1 and 11B2 have stimulated reaction efficiency
(increased kcq;/K;) and increased substrate affinity (decreased Ky) in the
presence of adrenodoxin, whereas P450 27A1 has decreased reaction
efficiency and no change in substrate affinity. Altogether, these com-
parisons show while there is some conservation in the human P450-
adrenodoxin interaction, significant differences in binding complex
formation and functional impact of adrenodoxin varies from P450 to
P450. Since the adrenodoxin interaction is key to catalytic activity, it is
therefore possible to modulate P450 activity by affecting the P450-
adrenodoxin interaction. The differences in the interactions among the
P450 enzymes may suggest that it is possible to selectively modulate the
activity of one P450 enzyme without affecting the others. This could
lead to new approaches to studying mitochondrial P450 enzymes or
clinical treatments based on altering the interaction of the P450s with
adrenodoxin.
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